All relevant data are within the paper.

Introduction {#sec001}
============

Biochar is a solid material obtained from the thermochemical conversion of biomass in an oxygen-limited environment \[[@pone.0133131.ref001]\]. Researchers have shown that as a soil additive along with organic and inorganic fertilizers, biochar can significantly ameliorate soil properties and improve plant productivity and thus benefit agricultural ecosystems \[[@pone.0133131.ref002]--[@pone.0133131.ref003]\]. Because of their predominantly aromatic nature, biochars are considered to be recalcitrant in soils \[[@pone.0133131.ref004]\]. It was reported that mean residence time (MRT) of biochar was in the range of centuries to millennia \[[@pone.0133131.ref005]\]. However, Steinbeiss et al. \[[@pone.0133131.ref006]\] observed that biochar degraded much faster than previously predicated and MRT in their study was in the range of a few decades. Therefore, a large variation in biochar stability is observed among different studies and consequently the stability of biochar in soils warrants further investigation so that the environmental and economical consequences caused by its application to soils can be better evaluated.

Nitrogen (N) fertilization as a common agricultural management practice could induce changes in soil microbial community \[[@pone.0133131.ref007]\], which might in turn result in a shift in the functioning of soil biogeochemical cycles, including the cycling of soil organic carbon (SOC), and thus influence the biochar decomposition in soils. The effect of N amendment on biochar decomposition is still an open question with little available information \[[@pone.0133131.ref008]\]. Schulz and Glaser \[[@pone.0133131.ref009]\] found that combination of beech-wood-retort barbecue charcoal with fertilizer N led to accelerated biochar degradation on an infertile sandy soil while Santos et al. \[[@pone.0133131.ref008]\] found N amendment had no effects on the decomposition of wood biochar added to a granitic soil. Ding et al. \[[@pone.0133131.ref010]\] demonstrated that N application stimulated organic carbon (OC) degradation in a sandy loam soil of the North China Plain. Using fluorescence excitation emission spectrophotometry, Uchimiya et al. \[[@pone.0133131.ref011]\] reported that biochar extracts from different sources (almond shell, broiler litter, cottonseed hull and peacon shell) contained fulvic-like and humic-like structures, similar to those found in SOC. Therefore, given that biochar and SOC had a certain similarity in chemical structure, it was hypothesized that N might also enhance the decomposition of biochar in test soil. However, there is still no study to verify the hypothesis up to date.

Biochar has been shown to undergo both microbial and abiotic (e.g., photochemical oxidation) degradation \[[@pone.0133131.ref005]\], and recent studies suggested that the biologically mediated degradation of biochar might be the dominant pathway in soils \[[@pone.0133131.ref006]\]. Abiotic factors influencing biochar stability include physico-chemical characteristics of both biochar and soil, such as the proportion of labile OC and elemental compositions in biochar and soil texture and OC content \[[@pone.0133131.ref012]--[@pone.0133131.ref014]\]. Microbial utilization of biochar included respiration of biochar C as carbon dioxide (CO~2~) and incorporation of biochar into microbial biomass. Fungi, gram-positive (G^+^) bacteria and actinobacteria have been sequentially found to be able to directly utilize biochar C by Steinbeiss et al. \[[@pone.0133131.ref006]\], Santos et al. \[[@pone.0133131.ref008]\] and Watzinger et al. \[[@pone.0133131.ref015]\], respectively. The biochar decomposed by different species of microorganisms might be due to the differences in properties of biochar and soil used in different studies. Nevertheless, few reports have investigated the mechanisms involving the effect of N amendment on biochar decomposition up to date.

Therefore, the objectives of this study reported here were to: (i) evaluate the effect of N amendment on biochar decomposition and (ii) clarify the relationships between biochar decomposition and soil microbial community as well as biochar labile components as affected by N amendment in a sandy loam soil of the North China Plain. This study will benefit understandings of biochar stability and its interactions with N.

Materials and Methods {#sec002}
=====================

Biochar and soil samples {#sec003}
------------------------

Biochar was produced from maize (a C~4~ plant) straw using a slow-pyrolysis process. Prior to pyrolysis, maize straws were oven-dried for 12 h at 80°C, and then transferred into the biochar reactor (China patent No. ZL200920232191.9). The reactor was heated by a step-wise procedure. The temperature was set at 200°C initially, and then elevated stepwise to 250, 300, 350, 400, 450 and 500°C. At each temperature step (except for 500°C), the process was maintained for 1.5 h. The whole process was flushed with nitrogen gas (N~2~) and terminated after about 13 h when there was no visible smoke emission from the gas vent. Selected properties of the biochar are shown in [Table 1](#pone.0133131.t001){ref-type="table"}.
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###### Selected properties of the test biochar and soil.

![](pone.0133131.t001){#pone.0133131.t001g}

  Sample        pH                                            Total C (g C kg^--1^)   Inorganic C (g C kg^--1^)   Organic C-δ^13^C (‰)   DOC [^b^](#t001fn002){ref-type="table-fn"} (g C kg^--1^)   Total N (g N kg^--1^)   Total H (g H kg^--1^)                       Ash (%)   Alkyl C (50--0 ppm) (%)   O/N-alkyl [^b^](#t001fn002){ref-type="table-fn"} C (95--50 ppm) (%)   Aryl C (165--95 ppm) (%)   Carbonyl C (220--165 ppm) (%)
  ------------- --------------------------------------------- ----------------------- --------------------------- ---------------------- ---------------------------------------------------------- ----------------------- ------------------------------------------- --------- ------------------------- --------------------------------------------------------------------- -------------------------- -------------------------------
  **Biochar**   10.1 [^a^](#t001fn001){ref-type="table-fn"}   639                     3.51                        -11.9                  11.2                                                       8.87                    24.6                                        22.9      2.7                       1.28                                                                  91.1                       4.92
  **Soil**      7.55                                          8.05                    1.46                        -24.5                  0.56                                                       0.76                    ND [^c^](#t001fn003){ref-type="table-fn"}   ND        ND                        ND                                                                    ND                         ND

^a^ The values denote means (*n* = 4).

^b^ DOC and O/N-alkyl denote dissolved organic carbon and oxygen/nitrogen-alkyl, respectively.

^c^ ND, not be determined.

Surface soil (0--20 cm) was collected from a field in the vicinity of Lugang town, Fengqiu county, Henan province, China (35°00'N, 114°24'E). The owner of the field gave permission to soil samplings. This field has been cultivated under a rotation of winter wheat (*Triticum aestivum* Linn.) and summer sweet potato (*Ipomoea batatas*), both C~3~ crops, for at least 50 years. The soil was developed from alluvial sediments of the Yellow River and classified as aquic inceptisol \[[@pone.0133131.ref016]\], with a sandy-loam texture (20% clay, 25% silt and 55% sand) ([Table 1](#pone.0133131.t001){ref-type="table"}).

Biochar and soil properties analyses {#sec004}
------------------------------------

The contents of total C, N and hydrogen (H) in biochar were measured using the elemental analyzer (Vario MICRO, ELEMENTAR, Germany). The ash in biochar was determined gravimetrically after heating aliquots (\~200 mg) of the sample to 760°C for 6 h in a ceramic crucible \[[@pone.0133131.ref017]\]. The pH of biochar and soil was determined with a glass electrode using solid-to-water ratios of 1:5 and 1:15, respectively. The higher ratio for biochar was due to its low density \[[@pone.0133131.ref018]\]. The δ^13^C values of biochar OC and SOC were measured using an isotope ratio mass spectrometer (Finnigan MAT 251, Thermo Electron, Germany) at Institute of Soil Science, Chinese Academy of Sciences. To determine the OC-δ^13^C values, the procedure of Midwood and Boutton \[[@pone.0133131.ref019]\] was followed for acid washing of the biochar and soil. Inorganic C contents in biochar and soil were determined by potentiometric titration \[[@pone.0133131.ref020]\]. Soil texture was analyzed by laser particle size analyzer (Beckman Coulter, LS, USA). The contents of OC and total N in soil were determined with wet oxidation-redox titration and micro-Kjeldahl methods, respectively \[[@pone.0133131.ref020]\].

To measure concentrations of dissolved organic carbon (DOC), biochar or soil was extracted with hot water according to the procedures of Chodak et al. \[[@pone.0133131.ref021]\]. Hot water extracts were obtained by boiling samples in deionized water for 1 h in a water bath pot. After cooling, the suspensions were centrifuged for 10 min at 2,000 g and filtered through 0.45 μm filters. DOC concentration of extracts was determined on a TOC analyzer (Multi N/C 3000, Jena, Germany). After the extracts were frozen-dried, the δ^13^C of DOC was analyzed by an isotope ratio mass spectrometer (IRMS 20--22, SerCon, Crewe, UK).

The quantitative direct-polarization magic angle-spinning (DPMAS) ^13^C nuclear magnetic resonance (NMR) spectral pattern of the biochar was obtained using a Bruker AV III 400-MHz spectrometer (Swiss) at the Nanjing University. The experiment was run in a Bruker 4 mm double-resonance MAS probe head. Biochar sample was packed into 4 mm diameter zirconia rotors with 5 mm long glass inserts at the bottom to constrain the sample to the space within the radio frequency coil. The measurement conditions were as follows: ^13^C resonance frequency 100.63 MHz, magic angle spinning frequency 14 kHz, acquisition time 10 ms, recycle delay time 12 s and the number of data points 2048. The ^13^C chemical shifts were externally referenced to the methylene resonance of Adamantane at 38.5 ppm. No correction was made for spinning sidebands. The functional groups of biochar OC were divided into alkyl, O/N-alkyl, aryl and carbonyl according to Solum et al. \[[@pone.0133131.ref022]\].

Laboratory incubation {#sec005}
---------------------

An incubation experiment was carried out over 30 days and included two treatments: biochar alone amendment (BC0) and combined amendment of biochar plus inorganic N to soil (BCN) with 21 replicates for each treatment. The soil and biochar samples were ground to pass through 2 and 0.25 mm sieves, respectively. A series of 250 mL Erlenmeyer flasks with 35 g of soil sample (on an oven-dried basis) were prepared. Biochar was added into designated flasks at the application rate of 0.5% of soil mass (on an oven-dried basis), which was equivalent to a field application rate of 15 t ha^−1^, and mixed well with soil. A solution of ammonium sulfate was added into designated flasks at the application rate of 100 mg N kg^--1^ (300 kg N ha^−1^) while the remaining flasks were added with the same volume of deionized water as control. This application rate was chosen according to the specific agricultural practice by local farmers \[[@pone.0133131.ref023]\]. Given soil moisture generally amounted to 80% water-filled pore space (WFPS) following basal fertilization with subsequent irrigation in field during maize growth season \[[@pone.0133131.ref024]\], soil moisture was adjusted to 80% WFPS by adding deionized water at the beginning of incubation. All flasks were covered with aluminum foils with needle-punctured holes to maintain aerobic conditions, and then incubated at 25°C in the dark. In order to maintain soil water content, deionized water was added with mini-pipette every other day by weighing flasks during the incubation.

Three replicate flasks from each treatment were used to measure soil CO~2~ efflux at 0.5 h and on days 1, 3, 5, 7, 9, 11 and 30 during incubation. To measure CO~2~ efflux, each flask was sealed using an airtight butyl rubber stopper perforated by centered Perspex tubes, vacuumed and flushed with fresh air using a multiport vacuum manifold. Additional 20 mL fresh air was then immediately injected into the flasks using a plastic syringe, completely mixed with headspace gas, and the same volume gas was sampled and injected into pre-evacuated vials as the zero time samples for analysis. The flasks were returned to the incubator, and another 20 mL headspace gas in the flasks was sampled after 4 h enclosure. After gas sampling, stoppers were removed from the flasks, and aluminum foils were reused to cover the flasks. CO~2~ concentration was measured using a gas chromatograph equipped with a thermal conductivity detector (TCD) operated at 60°C (Agilent 7890, Santa Clara, CA, USA). CO~2~ gas standards were supplied by National Research Center for Certified Reference Materials, Beijing, China. Values of δ^13^C in the emitted CO~2~ were measured using an isotope ratio mass spectrometer (Finnigan MAT 253, Thermo Electron, Germany) at Institute of Soil Science, Chinese Academy of Sciences. The left flasks were destructively used for soil samplings at 0.5 h and on days 1, 3, 7, 11, and 30, respectively, with 3 replicates for each treatment at each time to measure soil phospholipid fatty acids (PLFAs) profile and DOC content and δ^13^C.

PLFAs analysis {#sec006}
--------------

Soil PLFAs was extracted following the procedures described by Brant et al. \[[@pone.0133131.ref025]\]. Briefly, 2.00 g soil was extracted with a solution of methanol, chloroform and phosphate buffer (with a ratio of 2:1:0.8). The soil extracts were centrifuged and the chloroform phases were collected. Phospholipids were separated from glycolipids and neutral lipids using silicic acid bonded solid-phase-extraction columns (Sep-Pak Silica, Waters Corp., USA) by sequential eluting with chloroform, acetone and methanol. Phospholipids were saponified and methylated to fatty acid methyl esters (FAME) at 37°C in water bath. Following that, FAME was dried under N~2~ at 25°C and finally dissolved in hexane containing a 19:0 FAME standard.

The concentration of PLFAs was analyzed with MIDI Sherlock Microbial Identification System (Newark, Delaware, USA). The identified PLFAs were assigned to five main groups of microorganisms, i.e. bacteria in general, gram-negative (G^−^) and G^+^ bacteria, fungi and actinobacteria. The PLFAs 14:0, 16:0, 17:0 and 18:0 were used as biomarkers for general bacteria; 14:1ω5c, i15:1G, i16:1H, 16:1ω9c, 16:1ω5c, 17:1ω8c, cy17:0, 16:1 2OH, 18:1ω5c, 11Me 18:1ω7c and cy19:0ω8c for G^−^bacteria; i14:0, i15:0, a15:0, i16:0, a16:0, i17:0 and a17:0 for G^+^ bacteria; 18:3ω6c (6, 9, 12) and 18:1ω9c for fungi; and 10Me17:0 and 10Me18:0 for actinobacteria \[[@pone.0133131.ref026]\]. Proportions of various microbial groups calculated by the ratio of PLFAs concentration assigned to specific microbial group to that of all microorganisms were used to estimate soil microbial community structure.

Calculations {#sec007}
------------

Carbon dioxide efflux derived from biochar (*F* ~b~, mg C kg^--1^ h^--1^) was calculated as follows \[[@pone.0133131.ref018]\]: $$F_{\text{b}}\text{~=~}f_{\text{b}}\  \times \ F_{\text{total}}$$ where *F* ~total~ is total CO~2~ efflux in soil-biochar system (mg C kg^−1^ h^−1^), and *f* ~b~ is the ratio of CO~2~ efflux from biochar to total CO~2~ efflux and was calculated based on a two-component isotopic mixing model as follows \[[@pone.0133131.ref027]\]: $$f_{\text{b}}\text{~=~}\left( {\delta\text{~-~}\delta_{\text{s}}} \right)\text{~/~}\left( {\delta_{\text{b}}\text{~-~}\delta_{\text{s}}} \right)$$ where *δ* ~s~ is the δ^13^C of native SOC (‰), *δ* ~b~ is the δ^13^C of OC in biochar (‰), and *δ* is the δ^13^C of CO~2~ emitted from biochar-amended soils (‰) and was calculated based on mass balance as follows \[[@pone.0133131.ref028]\]: $$\delta\  = \ \left( {\delta_{2}\  \times C_{2} - \delta_{1}\  \times C_{1}} \right)/\left( {C_{2} - C_{1}} \right)$$ where *δ* ~1~ and *δ* ~2~ are the δ^13^C of CO~2~ sampled at zero time and 4 h after flask enclosure (‰), respectively, and *C* ~1~ and *C* ~2~ are the concentrations of CO~2~ in gases sampled at zero time and 4 h after flask enclosure (μL L^--1^), respectively.

Mean cumulative CO~2~ emission (*E* ~CO2~, mg C kg^--1^) from biochar was calculated by summing the products of the averaged two neighboring fluxes, multiplied by their interval time during the incubation as follows: $$E_{CO_{2}} = \underset{i = 1}{\overset{n}{\sum^{\hspace{0pt}}}}(F_{i + 1} + F_{i})/2 \times (t_{i + 1} - t_{i})$$ where *F* ~*i*~ and *F* ~i+1~ are CO~2~ fluxes at the *i* ^th^ and (*i*+1)^th^ gas samplings, respectively, the term (*t* ~i+1~ --*t* ~*i*~) represents the interval between the *i* ^th^ and (*i*+1)^th^ gas samplings (h), and *n* is the total times of gas sampling. The decomposition proportion (*DP*, %) of added biochar C during incubation was calculated as follows: $$DP = E_{CO_{2}}/BC \times \ 100$$ where *BC* is the amount of biochar C in soils (mg C kg^--1^).

The amount of DOC derived from biochar (*DOC* ~b~, mg C kg^--1^) in soils was calculated: $$DOC_{\text{b}}\text{~=~}f_{DOC - b}\  \times \ DOC_{\text{total}}$$ where *DOC* ~total~ is the total DOC content in soils amended with biochar (mg C kg^−1^), and *f* ~DOC-b~ is the ratio of DOC from biochar to total DOC and was calculated with a similar method with *f* ~b~ by replacing δ^13^C of CO~2~ with that of DOC.

Statistical analyses {#sec008}
--------------------

The unit mg C kg^--1^ referred to mg C kg^--1^ soil and all data were expressed on the basis of oven-dried soil. The *t* test was used to determine the effects of N on efflux and cumulative emission of CO~2~ from biochar, abundance and structure of soil microbial community and DOC derived from biochar. Pearson correlation analysis was carried out if data were normally distributed, otherwise Spearman correlation was adopted. The above statistical analyses were performed with SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA). Differences at the *P* \< 0.05 level were considered significant. Principal component analysis (PCA) using individual PLFAs concentration at different incubation time was performed to compare the temporal variation of structure of soil microbial community in BC0 and BCN treatments by CANOCO software (Microcomputer Power Inc., Ithaca, NY, USA). Variables (each PLFAs concentration at each incubation time in both treatments) were centered and normalized. The data were compressed into two new independent variables, also known as principal components (PC1 and PC2), which were orthogonal to each other. Following that, the *t* test was carried out to examine the effect of N amendment on PC1 and PC2.

Results and Discussion {#sec009}
======================

Biochar decomposition {#sec010}
---------------------

Biochar-derived CO~2~ flux peaked at 0.5 h and on day 3 in BC0 and BCN treatments, respectively, and then sharply decreased until day 7 followed by slower decrease until day 30 ([Fig 1a](#pone.0133131.g001){ref-type="fig"}). Compared with BC0 treatment, CO~2~ fluxes from biochar were significantly higher in the first 5 days of incubation (*P* \< 0.05) but not from day 7 to 30 in BCN treatment. Cumulative CO~2~ emission from biochar was significantly higher in BCN treatment than that in BC0 treatments (*P* \< 0.05), with an increase of 42.5% ([Fig 1b](#pone.0133131.g001){ref-type="fig"}). The proportion of decomposed biochar C was estimated at 2.30 and 3.28% in BC0 and BCN treatments, respectively. Biochar decomposition proportions in this study were higher than 0.14--0.84% for *M*. *gigantues*-derived biochar pyrolysed at 350 and 700°C in a clay-loam soil during 87 days of incubation \[[@pone.0133131.ref018]\] and 1.4--1.9% for biochar produced from barley root at 225 and 300°C in a sandy-loam soil during 30 days of incubation \[[@pone.0133131.ref029]\], but lower than 15.5% for biochar produced from wheat straw at 400°C in the inceptisol during the 117-day rice growth season \[[@pone.0133131.ref030]\]. Overall, biochar decomposition rates in this study (0.0767--0.1093% biochar C mineralized d^−1^) were in the upper end of previously reported range of 0.0000--0.0479% biochar C mineralized d^−1^ summarized in Ameloot et al. \[[@pone.0133131.ref014]\] and there were three possible reasons for that. First, the content of hot water extractable DOC (1.75% of biochar C, [Table 1](#pone.0133131.t001){ref-type="table"}) was higher than the reported ranges of 0.03--1.19% \[[@pone.0133131.ref018]\], and was expected to contribute to the decomposition of biochar because DOC compared with recalcitrant OC was more easily available substrates for and utilized by microorganisms like G^−^bacteria according to previous findings \[[@pone.0133131.ref031]--[@pone.0133131.ref034]\]. Second, the high mineral contents in biochar as indicated by ash content ([Table 1](#pone.0133131.t001){ref-type="table"}) could stimulate biochar decomposition because minerals might cause defects in aromatic structures, reduce cross links between layers and lower the stability of an overall structure dominated by C links \[[@pone.0133131.ref035]\]. Third, the sandy-loam texture of the test soil could promote biochar decomposition compared to clayey soils since clay-bound biochar particles might be less available as a C source for microorganisms, concomitantly increasing resistance to biodegradation \[[@pone.0133131.ref036]\]. More types of biochar and soil should be involved in the study of biochar stability in the future to acquire sufficient and better understanding. Although biochar decomposition rate was reported to be negatively correlated with incubation duration, the initial biochar decomposition in soils seems to be an important aspect when assessing the C sequestration potential \[[@pone.0133131.ref014]\]. In addition, short-term studies are useful to supply valuable information. However, long-term study is necessary to better understand biochar stability.

![Flux (a) and cumulative emission (b) of carbon dioxide (CO~2~) derived from biochar in soils amended with biochar alone (BC0) and biochar plus nitrogen (BCN) during 30 days of incubation.\
Different letters denote significant differences at the same incubation time at *P* \< 0.05. Vertical bars denote standard errors of the mean (*n* = 3).](pone.0133131.g001){#pone.0133131.g001}

Effect of N amendment on biochar decomposition {#sec011}
----------------------------------------------

As mentioned above, N amendment substantially stimulated the decomposition of biochar C, as observed for the degradation of native SOC that increased with the application rate of N fertilizer in a Wisconsin upland field \[[@pone.0133131.ref037]\]. We found that N amendment increased PLFAs concentration at 0.5 h and in contrast, significantly decreased it on day 11 (*P* \< 0.05) in soils amended with biochar ([Fig 2](#pone.0133131.g002){ref-type="fig"}). Interestingly, no apparent difference was observed on the other days of incubation. Ding et al. \[[@pone.0133131.ref010]\] also measured a 33.0% increase of microbial biomass when ammonium (NH~4~ ^+^), rather than nitrate (NO~3~ ^−^), was added to a similar soil after 25 days of incubation. These results suggested that N could be limited for microbial proliferation in test soil \[[@pone.0133131.ref038]\]. N amendment did not lead to alterations in the PLFAs profiles over 30 days of incubation except at 0.5 h and on day 11 ([Fig 3](#pone.0133131.g003){ref-type="fig"}), indicating that N amendment dramatically changed soil microbial community structure only at 0.5 h and on day 11. Similar phenomenon was also observed by Thirukkumaran and Parkinson \[[@pone.0133131.ref039]\]. Further analysis showed that N amendment significantly increased the proportion of G^+^ bacteria (*P* \< 0.05) but decreased that of fungi at 0.5 h (*P* \< 0.05), while an opposite result was observed on day 11 due to the decreased abundance of G^+^ bacteria ([Fig 4](#pone.0133131.g004){ref-type="fig"}). Previous studies have shown that N amendment suppressed the growth of fungi in grassland and forestland soils \[[@pone.0133131.ref040]--[@pone.0133131.ref041]\]. However, there is conflicting evidence in the literature about the effect of N addition on bacterial species. For instance, Rinnan et al. \[[@pone.0133131.ref042]\] and Denef et al. \[[@pone.0133131.ref043]\] detected increases in the relative abundance of G^+^ bacteria with N fertilization in tundra soil and temperate grassland soil. In contrast, Billings and Ziegler \[[@pone.0133131.ref007]\] reported that N fertilization enhanced G^−^bacteria whereas reduced the proportion of G^+^ bacteria. As it was suggested that the relative abundance of various microbial groups in soils might affect their responses to additive substrates \[[@pone.0133131.ref023]\], it was speculated that the greater proliferation of G^+^ bacteria at the beginning of incubation induced by N amendment was primarily due to their initial higher abundance in test soil prior to N addition, although other factors, such as soil pH and C/N ratio might also play a role \[[@pone.0133131.ref044]--[@pone.0133131.ref046]\]. Besides microbial community structure, N could also influence the activity of soil microbial community as characterized by enzyme activity. Previous studies showed that N amendment could increase the activity of cellulose-decomposing enzymes, but lowered the activity of lignin-degrading enzymes such as phenol oxidases and perioxidases \[[@pone.0133131.ref047]--[@pone.0133131.ref050]\].

![Concentration of phospholipid fatty acids (PLFAs) in soils amended with biochar alone (BC0) and biochar plus nitrogen (BCN) during 30 days of incubation.\
Different letters denote significant differences at the same incubation time at *P* \< 0.05. Vertical bars denote standard errors of the mean (*n* = 3).](pone.0133131.g002){#pone.0133131.g002}

![Principal component analysis (PCA) ordination based on the community structure of microorganisms in soils amended with biochar alone (BC0) and biochar plus nitrogen (BCN) at different incubation time.\
Numbers denote the incubation time while those in the parentheses indicate the percent of variation explained by each axis.](pone.0133131.g003){#pone.0133131.g003}

![Proportion of different microbial groups as estimated by phospholipid fatty acids (PLFAs) in soils amended with biochar alone (BC0) and biochar plus nitrogen (BCN) during 30 days of incubation.\
Different letters denote significant differences at the same incubation time at *P* \< 0.05. Vertical bars denote standard errors of the mean (*n* = 3). Note that the scales in the upper panels are different from that in the lower panels.](pone.0133131.g004){#pone.0133131.g004}

Correlation analysis indicated that biochar-derived CO~2~ efflux was significantly (*P* \< 0.05) correlated with PLFAs concentration in BCN treatment ([Table 2](#pone.0133131.t002){ref-type="table"}), indicating that soil microbial abundance was the key factor controlling biochar decomposition. Significant increase was found for the proportion of G^+^ bacteria rather than that of fungi and actinobacteria as affected by N amendment at the early stage of incubation ([Fig 4](#pone.0133131.g004){ref-type="fig"}). Because the promotion of biochar-derived CO~2~ efflux by N amendment mainly occurred during the first 5 days ([Fig 1a](#pone.0133131.g001){ref-type="fig"}), it is speculated that the enhanced decomposition of biochar by N amendment was primarily due to promotion of G^+^ bacteria. G^+^ bacteria are known to decompose a range of organic materials, including relatively recalcitrant substances such as lignin and aromatic/alkenes-C that are found in high concentrations in biochar by producing exoenzymes \[[@pone.0133131.ref051]--[@pone.0133131.ref054]\]. While available inorganic N in soils is required for G^+^ bacteria to invest in extracellular enzymes \[[@pone.0133131.ref055]\]. Furthermore, studies have demonstrated that G^+^ bacteria not only could directly utilize biochar C but also were the primary utilizers of biochar derived from *Pinus ponderosa* \[[@pone.0133131.ref056], [@pone.0133131.ref008]\]. In contrast, fungi were able to degrade and metabolize the unpyrolysed pine wood rather than pyrolysed biochar probably due to the unsuitability of biochar as a substrate for fungi and/or due to no colonization of fungi on wood-derived biochar, apart from a small number of cracks within the biochar \[[@pone.0133131.ref057]\]. Interestingly, no significant correlation was found between biochar-derived CO~2~ efflux and PLFAs concentration in BC0 treatment ([Table 2](#pone.0133131.t002){ref-type="table"}). It is likely that the decomposition of labile OC was closely correlated with the activity rather than biomass of microbes especially G^−^bacteria since part of microbes remained dormant \[[@pone.0133131.ref058]--[@pone.0133131.ref060]\]. Another possibility is that the activity of increased G^+^ bacteria was partially, if not fully inhibited by the deficiency of available inorganic N in BC0 treatment \[[@pone.0133131.ref055]\].

10.1371/journal.pone.0133131.t002

###### Relationship between CO~2~ flux and the concentration of phospholipid fatty acids (PLFAs) or dissolved organic carbon (DOC) in soils amended with biochar alone (BC0) and biochar plus nitrogen (BCN) during 30 days of incubation.

![](pone.0133131.t002){#pone.0133131.t002g}

  Treatment   PLFAs   DOC            
  ----------- ------- ------- ------ -------
  **BC0**     0.45    0.452   0.58   0.304
  **BCN**     0.88    0.049   0.81   0.097

During the incubation, biochar-derived DOC generally had no significant differences between BC0 and BCN treatments (*P* \> 0.05; [Fig 5](#pone.0133131.g005){ref-type="fig"}), suggesting that N amendment primarily stimulated the decomposition of recalcitrant OC rather than DOC in biochar. The content of biochar-derived DOC peaked on day 1, being 874.9 and 1132.9 mg C kg^--1^, then rapidly decreased to 127.2 and 61.7 mg C kg^--1^ on day 7 in BC0 and BCN treatments, respectively, and finally maintained rather constant until day 30. The rapid decrease of DOC derived from biochar at the early stage of incubation was also reported by Bruun et al. \[[@pone.0133131.ref029]\]. This was induced by the preferential utilization of labile OC compared with relatively recalcitrant OC by microbes \[[@pone.0133131.ref012], [@pone.0133131.ref061]\]. The initial stage of fast mineralization has been reported to last between 2 and 60 days \[[@pone.0133131.ref006], [@pone.0133131.ref061]\], during which 2--20% of the biochar C can be mineralized \[[@pone.0133131.ref014]\].

![Content of dissolved organic carbon (DOC) derived from biochar in soils amended with biochar alone (BC0) and biochar plus nitrogen (BCN) during 30 days of incubation.\
Different letters denote significant differences at the same incubation time at *P* \< 0.05. Vertical bars denote standard errors of the mean (*n* = 3).](pone.0133131.g005){#pone.0133131.g005}

Correlation analysis indicated that the correlation between CO~2~ efflux and DOC content derived from biochar was not significant in both treatments (*P* \> 0.05), indicating that there were other factors influencing biochar decomposition besides labile OC contained in biochar. The proportion of decomposed biochar C was higher than the proportion of DOC in biochar C (1.75%) as well as that of O/N-alkyl C (1.28%), which is thought to be labile C functional group \[[@pone.0133131.ref062]\], indicating that part of relatively recalcitrant OC might also be decomposed during the incubation. In extracts of citrus wood biochar with a dichloromethane and methanol mixture (the volume ratio of 95:5), a wide array of relatively low molecular weight organic compounds were identified, including n-alkanoic acids, hydroxyl and acetoxy acids, benzoic acids, diols, triols and phenols \[[@pone.0133131.ref063]\]. Kramer et al. \[[@pone.0133131.ref064]\] demonstrated that DOC also contained recalcitrant compounds with long turnover time such as aromatic acids. Thus, the biochar-derived DOC remaining in soils might be relatively difficult to be used by microorganisms. More importantly, it is also likely that previously non-extractable biochar C was slowly released during the abiotic and microbial mineralization and replenished DOC, as previously reported by Zimmerman and Gao \[[@pone.0133131.ref065]\].

Using the ^13^C NMR technique, Hilscher and Knicker \[[@pone.0133131.ref066]\] found that after 20 months of incubation, the alkyl C in rye grass biochar decreased only by 5%, while up to 26--40% of the initial aryl C amount was mineralized or converted to other functional groups and in contrast, the proportion of carboxyl/carbonyl C increased to \~15% in the remaining biochar from \~10% in the initial biochar. The decomposition rate of aryl ^14^C in lignin amounted to 0.079--0.167% aryl C mineralized d^−1^ during the 41 days of incubation \[[@pone.0133131.ref067]\]. These results indicated that aryl C in biochar, which accounted for 91.1% of biochar C in this study, could also be decomposed. Cheng and Kuzyakov \[[@pone.0133131.ref068]\] observed that root exudates-induced priming effect on the decomposition of recalcitrant SOC was greater than on mineralization of labile OC in residues. Thus, we consider that N amendment stimulated proliferation of G^+^ bacteria in test soil, which in turn accentuated decomposition of aryl C in biochar and reduced the stability of biochar C. Further study is required to understand the dynamic variation of functional groups in biochar as affected by N amendment.

Conclusions {#sec012}
===========

Nitrogen amendment can enhance the decomposition of maize straw-derived biochar in the test sandy loam soil especially at the early stage of decomposition. Microorganisms are N-limited and N amendment can effectively enhance the proportion of G^+^ bacteria immediately probably due to its initial dominance in test soil, which probably accelerated degradation of relatively recalcitrant biochar C. Therefore, N amendment will enhance the decomposition of maize straw-derived biochar probably due to the promotion of G^+^ bacteria in test soil.
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